Our objectives were to study how cysteamine, cystine, and cumulus cells
INTRODUCTION
Removal of cumulus cells (CCs) before in vitro maturation impaired oocyte maturation of different species [1] [2] [3] [4] [5] [6] , and coculture with cumulus-oocyte complexes (COCs) or CCs could only partially restore the developmental potential of cumulus-denuded oocytes (DOs) [4, [7] [8] [9] [10] [11] . However, the removal of CCs from oocytes or zygotes at various stages of development is inevitable for some embryo manipulation techniques. Thus, an efficient in vitro maturation system for DOs will provide a technical approach to such procedures as germinal vesicle transfer, somatic cell haploidization, animal cloning using germinal vesicle-stage ooplast, and oocyte cryopreservation at the germinal vesicle stage. However, no such system has been established in any mammalian species thus far.
Glutathione (L-c-glutamyl-L-cysteinyl-glycine; GSH) functions in catalysis, metabolism, transport, and reductive processes in somatic cells and an increased cellular level of GSH have been found to protect cells against radiation, free radicals, reactive oxygen intermediates, and other toxic compounds [12] . In reproduction, GSH is defined as an index of ooplasmic maturation [13] [14] [15] [16] [17] , and it participates in sperm decondensation and male pronucleus formation [18] [19] [20] . Glutathione is synthesized from its constituent amino acids (cysteine, glutamic acid, and glycine) by the sequential action of c-glutamylcysteine synthetase and GSH synthetase [21] . Synthesis of GSH is highly dependent on the availability of cysteine in the medium [22, 23] . In vivo, cysteine is produced from cystine in the reaction catalyzed by the enzyme cystine reductase. In vitro, however, GSH synthesis may be impaired because of a deficiency of cysteine in the culture medium (0.6 lM in TCM-199) and its high instability and easy autooxidation to cystine [24, 25] . It was shown that the addition of cysteamine to the culture medium improved maturation and development of mammalian oocytes by increasing their GSH contents [16, [26] [27] [28] [29] [30] [31] [32] . However, the mechanism by which cysteamine increases GSH synthesis of oocytes is not known.
The DOs showed a lower GSH content after in vitro maturation than COCs [10, 14, 33] , indicating that the GSH content of an oocyte is highly correlated with the presence of CCs [34] . However, although coculture with intact COCs or CC monolayer induced a significant increase in GSH content of bovine [10] and goat [32] DOs, coculture with monolayer of CCs had no beneficial effect on GSH synthesis of porcine [33] and mouse [35] DOs. Although spermatogenic cell-somatic cell interactions were found to be essential for maintenance of spermatogenic cell GSH in Xenopus laevis [36] , the mechanism by which somatic cells promote GSH synthesis in germ cells is largely unknown. In addition, although mouse lymphoma L1210 cells showed an extremely low uptake rate of cystine, the thiol-independent variant of L1210 took up cystine far more rapidly than L1210 cells [37] . Whether cells of different types or different species differ in cystine uptake that accounts for their different ability to promote GSH synthesis of other cells needs more investigation. The objectives of this study were 1) to determine the mechanism by which cysteamine increases oocyte GSH synthesis; 2) to examine whether there is a species difference of CCs in their ability to use thiols to promote GSH synthesis; 3) to study the mechanism by which CCs promote GSH synthesis of oocytes; and 4) to establish an efficient in vitro maturation system for mouse DOs.
MATERIALS AND METHODS
Unless otherwise indicated, all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Animals and Oocyte Recovery
Mice of the Kun-Ming and C57BL/6 strain were kept in a room with 14L:10D cycles, the dark starting from 2000 h. The animals were handled by the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University.
Female mice 6-8 wk after birth were killed at 46 h after intraperitoneal injection of 5 IU equine chorionic gonadotropin (eCG) per mouse (Ningbo Hormone Product Co. Ltd., Cixi City, P.R. China), and the large follicles on the ovary were ruptured in M2 medium to release COCs at the germinal vesicle stage. Only COCs with more than three layers of unexpanded CCs and containing oocytes .70 lm in diameter with a homogenous cytoplasm were selected. The COCs selected were randomly divided into two groups; one group was directly cultured for maturation, and the other group was used for preparation of DOs. The DOs were prepared by mechanically removing CCs from COCs with a small-bore pipette.
Preparation of Mouse and Goat CC Monolayer
Mouse CCs. Mouse COCs collected as described above were pipetted in the TCM-199 medium with a narrow-bore pipette to release CCs. After the DOs were removed, CCs were vigorously pipetted to allow their separation. Then, the cells were counted in a hemocytometer chamber, and aliquots (100 ll) of the cell suspension (3 3 10 5 cells/ml in TCM-199) were placed in the wells of a 96-well culture plate under mineral oil and cultured at 37.58C in 5% CO 2 in humidified air.
Goat CCs. Caprine ovaries were obtained from a local abattoir and transported within 3 h to the laboratory in sterilized saline containing 100 IU/ml penicillin and 0.05 mg/ml streptomycin at 308C-358C. Oocyte aspiration and selection were performed in Dulbecco PBS, supplemented with 0.1% of polyvinyl alcohol. Goat COCs were aspirated with a syringe from antral follicles 2-5 mm in diameter. Goat CCs were isolated and cultured in the same way as mouse CCs. The culture medium was renewed every 48 h.
In Vitro Maturation of Oocytes
Two media were used for oocyte maturation culture. The M16 medium was supplemented with 10 IU/ml eCG, 100 lg/ml glutamine, and 50 lg/ml glycine, whereas the TCM-199 medium (Gibco, Grand Island, NY) was supplemented with 10% (v/v) fetal calf serum (FCS; Gibco), 1 lg/ml 17b-estradiol, 24.2 mg/L sodium pyruvate, 0.05 IU/ml follicle-stimulating hormone (FSH), 0.05 IU/ml luteinizing hormone (LH), and 10 ng/ml epidermal growth factor (EGF). Depending on the experiment, different concentrations of cysteamine and/or cystine were added to the maturation medium. Cysteamine and cystine stocks were prepared at 20 mM and 100 mM, respectively, and diluted to the desired concentrations before use.
Culture in maturation medium alone. The DOs and COCs were washed three times in M2 medium and once in maturation medium. They were then cultured for 14-16 h in groups of 25-30 in 100-ll drops of maturation medium at 37.58C in a humidified atmosphere of 5% CO 2 in air.
Coculture of DOs with CC monolayer. When CCs grew to 80% of confluence, the spent medium in the wells was replaced with 100 ll of maturation medium. After 3 h of equilibration in a CO 2 incubator, DOs were placed in wells (25-30 per well) and cultured at 37.58C in a humidified atmosphere of 5% CO 2 in air.
In Vitro Fertilization
Masses of dense sperm were collected from the cauda epididymis of fertile male mice and were placed at the bottom of a test tube containing T6 medium supplemented with 10 mg/ml bovine serum albumin (BSA). After 3-5 min, the supernatant containing highly motile spermatozoa was removed and capacitated in the same medium under mineral oil at 378C for 1.5 h. Oocytes were stripped of their CCs (if any) by pipetting in M2 containing 0.1% hyaluronidase. To facilitate sperm penetration, a hole of about 20 lM in diameter was made on the zona pellucida of some of the oocytes using a piezo-driven micromanipulator. After being washed in the fertilization medium (T6 containing 20 mg/ml BSA), the oocytes were placed in fertilization drops (30-35 oocytes per 100-ll drop). Capacitated sperm were added to the fertilization drops to give a final sperm concentration of about 1 3 10 6 /ml. Different methods were adopted to assess sperm penetration and male pronucleus development in different oocytes. Oocytes used for embryo development were observed under a stereomicroscope for fertilization at 6 h after insemination. Oocytes showing two pronuclei and two polar bodies were considered fertilized. Oocytes used for examination of sperm penetration and pronuclear development were mounted on glass slides at 10 h after insemination and were fixed in ethanol:acetic acid (3:1, v:v) for at least 24 h. At the end of fixation, oocytes were stained in 1% acetoorcein and examined under a phase-contrast microscope. Only those oocytes with two pronuclei, the second polar body, and a sperm tail in the ooplasm were considered fertilized.
Chemical Activation of Oocytes
At 24 h of maturation culture, oocytes were stripped of their CCs (if any) by pipetting in M2 containing 0.1% hyaluronidase. After being washed twice in M2 and once in the activating medium (Ca 2þ -free Chatot-Ziomek-Bavister [CZB] supplemented with 10 mM SrCl 2 and 5 lg/ml cytochalasin B), the oocytes were incubated in the activating medium for 6 h at 37.58C in a humidified atmosphere with 5% CO 2 in air. At the end of activation treatment, the oocytes were examined with a microscope for the evidence of activation. Oocytes were considered activated when each contained one or two well-developed pronuclei.
Embryo Culture
Activated oocytes and fertilized zygotes were cultured for 4 days in the regular CZB medium (30-35 embryos per 100-ll drop) at 37.58C under humidified atmosphere with 5% CO 2 in air. Glucose (5.5 mM) was added to CZB when embryos were cultured beyond the three-or four-cell stages.
Embryo Transfer
On the day before embryo transfer, female mice of 8-10 wk old (28-35 g of body weight) were paired with vasectomized males to allow mating. The females were checked for vaginal plugs the next morning, and those showing a vaginal plug were used for pseudopregnant recipients in the afternoon. A total of 8-10 embryos at the two-cell stage from each experimental group were surgically transferred into the right oviduct of the pseudopregnant recipients under general anesthesia as described previously [38] . The average volume of medium including embryos transferred was 0.2 ll per recipient. After embryo transfer, the recipients were housed singly in cages until parturition. Pups were weaned at 3 wk of age.
Assay for Intracellular GSH
Intracellular content of glutathione (GSH) was measured as described by Funahashi et al. [13] with modifications. At the end of maturation culture, oocytes were denuded of CCs (if any) and washed three times in Ca 2þ -free, Mg 2þ -free PBS. A total of 5 ll of double-distilled water containing 35 oocytes was transferred to a 1.5-ml microfuge tube, and then 5 ll of 1.25 M phosphoric acid was added to the tube. Mouse or goat CC monolayer was incubated for 14 h in M16 medium containing different concentrations of cystine and cysteamine. At the end of incubation, the culture medium was discarded, and the cells were washed three times in Ca 2þ -free, Mg 2þ -free PBS. The cells were then treated for 5 min with 0.25% trypsinase in PBS, transferred into a 1.5-ml centrifuge tube, and washed in PBS by a 10-min centrifugation at 2000 rpm. After removal of the supernatant, 5 ll of double distilled water and 5 ll of 1.25 M phosphoric acid was added to the tube. Samples of oocytes and CCs were frozen at À808C and thawed at room temperature. This procedure was repeated three times. Then, the samples were stored at À808C until analyzed. Immediately prior to assay, thawed CC samples were centrifuged at 10 000 rpm for 2 min, and while the supernatant was collected into another 1.5-ml tube for GSH assay, the pelleted cellular materials were used for measurement of 760 cellular protein contents. Concentrations of GSH in the oocyte and CCs were determined by the 5,5 0 dithio-bis(2-nitrobenzoic acid) (DTNB)-GSSG reductase-recycling assay. Briefly, 700 ll of 0.33 mg/ml NADPH in 0.2 M sodium phosphate buffer containing 10 mM ethylenediaminetetraacetic acid (EDTA; stock buffer, pH 7.2), 100 ll of 6 mM DTNB in the stock buffer, and 190 ll of distilled water were added and mixed in a microfuge tube. A total of ll of 250 IU/ml GSH reductase was added with mixing to initiate the reaction. The absorbance was monitored continuously at 412 nm with a spectrophotometer for 3 min, with readings recorded every 0.5 min. Standards (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1.0 mM) of GSH and a sample blank lacking GSH were also assayed. The amount of GSH in each oocyte sample was divided by the number of oocytes to get the intracellular GSH concentration per oocyte. The pelleted CC material was solubilized on ice with 20 ll of 0.5 N NaOH for 30 min, and the protein content was determined using an Enhanced BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Haimen, P.R. China). A standard curve was generated for each experiment by assaying 20-ll aliquots of BSA standards in 0.5 N NaOH. The amount of GSH of CCs was divided by micrograms of cellular protein.
Assay for Hardening of Zona Pellucida
Twenty cumulus-free oocytes were treated with 1 mg/ml a-chymotrypsin (type II; 40-60 U/mg protein; C-4129) contained in a 100-ml drop of PBS covered with mineral oil. The treatment was conducted in a room with temperature maintained at 308C. Oocytes were monitored every 2 min during the first 30 min of treatment and then every 5 min until the end of the treatment. The time at which 75% of the zona pellucida underwent a complete dissolution (with ooplasm stuck on the bottom of the dish) was assessed as t 75 for zona pellucida dissolution.
Capillary Electrophoresis
To measure concentrations of different thiol compounds in different media, capillary electrophoresis was performed on a P/ACE-MDQ system (Beckman Coulter, Fullerton, CA). Mouse or goat CC monolayer was incubated for 14 h in M16 medium containing different concentrations of cystine and cysteamine. At the end of incubation, conditioned medium was collected into a 0.5-ml microfuge tube, and EDTA (0.1 mM) and vitamin C (1 mM) were added to protect cysteine against oxidation. The samples were then centrifuged for 2 min at 10 000 rpm, and the supernatants were analyzed immediately. Three medium samples collected on different experimental days were analyzed for each treatment. The samples were analyzed in an electrophoretic buffer consisting of 25 mM sodium tetraborate, 50 mM sodium dihydrogen phosphate, and 0.1 mM EDTA (pH 7.9). The capillary used was with a total length of 60 cm, corresponding to a detection window of 48 cm and an inner diameter of 50 lm. Separation was performed with a sample injection from minus pole at 3 pounds per square inch at 208C with an applied voltage of 10 kV. Analytes were detected by an excitation wavelength of 263 nm. The capillary was rinsed for 3 min by 1 M hydrochloric acid, double-distilled water, 0.1 M sodium hydroxide, double-distilled water, and electrophoretic buffer, respectively, before run. Between two samples, the capillary was rinsed for 2 min with electrophoretic buffer. Standard curves and peak positions to determine cysteamine, cystine, and cysteine concentrations were generated using cysteamine, cystine, and cysteine standards, respectively.
Data Analysis
There were at least three replicates for each treatment. Percentage data were arc-sine transformed and analyzed with ANOVA; a Duncan multiplecomparison test was used to locate differences. The software used was Statistics Package for Social Science (SPSS 11.5; SPSS Inc., Chicago, IL). Data were expressed as mean 6 SEM, and P , 0.05 was considered significant.
RESULTS

Cysteamine and Cystine Interdependently Promote GSH Synthesis and Male Pronucleus Formation of Mouse COCs
Mouse COCs were cultured in the M16 medium supplemented without or with 100 lM cysteamine, cystine, or both. At the end of culture, matured oocytes with first polar bodies were assayed for intracellular GSH concentrations or inseminated after zona drilling. Both the GSH concentration and male pronucleus formation did not differ among oocytes matured without or with a single thiol supplementation (Table  1) . However, both the GSH level and male pronucleus formation rate increased significantly in oocytes matured in the presence of both thiols.
Whereas Goat CCs Required Either, Mouse CCs Required Both Cysteamine and Cystine for GSH Synthesis
Mouse DOs were cocultured with mouse or goat CC monolayer in the M16 medium supplemented without or with cysteamine and/or cystine at different concentrations, and intracellular GSH concentrations in matured DOs were measured at the end of culture. When mouse DOs were cultured alone or cocultured with mouse CCs, supplementation with either cysteamine or cystine had no effect, but supplementation with both increased DOs' intracellular GSH level significantly (Fig. 1) . When cocultured with goat CCs, however, supplementation with either cysteamine or an optimal concentration of cystine promoted mouse DOs' GSH synthesis, and supplementation with both thiols increased the GSH level further. Although supplementation of either thiol significantly (P , 0.05) increased the intracellular GSH concentration of goat CC monolayer, the GSH level of mouse CCs increased only with supplementation of both thiols. Mouse DOs were cocultured with mouse or goat CC monolayer in TCM-199 medium supplemented without or with cysteamine and/or cystine at different concentrations, and at the end of culture, the matured DOs were Sr 2þ activated for embryo development. Without coculture, supplementation with either 100 lM cysteamine or 200 lM cystine had no effect, but supplementation of 100 lM cysteamine and 200 lM cystine increased blastocyst formation of matured DOs significantly (Table 3) . Coculture with either mouse or goat CCs increased blastulation of mature DOs, even in the absence of thiol supplementation. When cocultured with mouse CCs, supplementation with either cysteamine or cystine had no effect, but supplementation with both thiols increased blastulation of mature DOs to a level as high as that achieved in COCs matured with the optimum thiol supplementation (Table 2) . When cocultured with goat CCs, however, supplementation with either cystine or cysteamine increased blastulation significantly, and supplementation with both thiols increased blastulation of mature DOs further ( Table 3) . The results further substantiated our conclusion that although cysteamine and cystine must work together to increase GSH synthesis in mouse CCs, they can work independently of each other to do so in the goat CCs.
Effects of Thiol Supplementation and Coculture with Mouse CCs During Maturation on Fertilizability and Embryo Development of Mouse DOs after Insemination
Mouse DOs were cocultured with mouse CC monolayer in TCM-199 supplemented or not with cystine and cysteamine. As controls, COCs were cultured in TCM-199 with the same supplements. At the end of culture, the matured oocytes were either inseminated or subjected to chymotrypsin digestion of zona pellucida. Although the chymotrypsin digestion time of zona pellucida (t 75 , min) was significantly shorter, the fertilization rate was significantly higher in COCs than in DOs (Table 4) . Although the t 75 did not differ between DOs matured under different conditions, the percentage of fertilized oocytes with pronuclear development was always higher in DOs matured with than without supplementation of cysteamine and cystine, regardless of CCs coculture. To smooth out the difference in sperm penetrability among oocytes, mouse DOs and COCs matured under different conditions were inseminated after zona drilling. Although fertilization rates after zona drilling did not differ among oocytes matured under different conditions, rates of blastulation were significantly higher in COCs and cocultured DOs matured with supplementation of cysteamine and cystine than without thiol supplementation 
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( Table 5 ). Rates for blastocyst formation did not differ between COCs and the cocultured DOs matured with supplementation of cysteamine and cystine. When oocytes from the C57BL/6 mice were matured with supplementation of 100 lM cysteamine and 200 lM cystine, rates of blastulation after fertilization did not differ (P . 0.05) between COCs (35.4% 6 6.3%; n ¼ 117) and the cocultured DOs (34.3% 6 4.9%; n ¼ 98), although the overall rate of blastocysts was lower than that of oocytes from Kunming mice.
To examine the in vivo developmental potential of mouse oocytes matured under different conditions, two-cell embryos after fertilization were transferred to the oviducts of pseudopregnant recipients. The percentage of females maintaining a term pregnancy did not differ between COCs matured in the presence of thiols and DOs matured in the presence of thiols and coculture ( Fig. 2A and Table 6 ). Neither the number of live young produced per pregnant recipient nor the ratio of live young born:embryos transferred differed significantly between COCs and the cocultured DOs matured with the same supplementation of cysteamine and cystine. When DOs from the C57BL/6 strain were matured under the optimal conditions, fertilized with sperm from the same strain, and two-cell embryos transferred to the Kunming surrogate mothers, live pups were also produced (Fig. 2B) . Together, the results indicated that both optimal supplementation with cysteamine and cystine and the coculture with CCs during maturation improved fertilizability of mouse DOs, and that the DOs matured in the presence of optimal concentrations of thiols and CCs showed a developmental potential comparable to that of COCs matured with the same thiol supplementation.
Cysteine Production from Cysteamine and Cystine under Different Culture Conditions
To study why goat CCs promoted GSH synthesis of mouse DOs whereas mouse CCs did not in the presence of a single thiol, concentrations of cysteamine, cystine, and cysteine were measured by capillary electrophoresis after M16 medium with different supplementations of cysteamine and cystine was incubated in the presence or absence of mouse or goat CC monolayer. When M16 was incubated alone or with mouse CCs, cysteine was detectable only when both cysteamine and cystine had been supplemented (Fig. 3) . When M16 was incubated with goat CCs, supplementation with either cystine alone or both cystine and cysteamine produced cysteine, but supplementation with cysteamine alone did not produce any detectable cysteine. The production of cysteine was always associated with increased consumption of both cysteamine and cystine. However, consuming significant amounts of cysteamine, the goat CCs did not produce any cysteine. Furthermore, more cysteamine and cystine were consumed whereas more cysteine was produced in the presence than in the absence of CCs when both cysteamine and cystine had been supplemented.
DISCUSSION
By using M16 medium that does not contain any thiol compound as the base medium, the present study showed that when supplemented alone, neither cystine nor cysteamine promoted GSH synthesis of mouse DOs, but they did when used together; although goat CCs could use either one, mouse CCs could use neither cysteamine nor cystine to promote GSH synthesis in mouse DOs or in the CCs themselves. Previous studies in bovine [14] and goat [32] also demonstrated that cystine, when used in the absence of cysteamine, increased the GSH level of COCs or DOs matured on a coculture CC monolayer, but it had no effect on DOs matured in the absence of CC coculture. Godard et al. [39] demonstrated full restoration of developmental competence to the blastocyst stage after feline DOs were cocultured with COCs in the presence of only cystine. These results strongly suggest that there exists a species difference of CCs in their ability to use cystine for GSH synthesis and that the oocyte as a single cell is incapable of using either cystine or cysteamine for synthesis of GSH. In human fibroblasts, cystine is taken up via a cystine/ TABLE 5. Fertilization and embryo development after mouse COCs and DOs matured in TCM-199 supplemented with or without cystine and cysteamine were inseminated in vitro following zona drilling. 
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glutamate exchange system, the system x c À [40, 41] . The cystine taken up by the cells is rapidly reduced to cysteine, part of which is used for GSH synthesis, and the rest is released into the medium, where it is oxidized to cystine [42] . This constitutes a redox cycle of cystine and cysteine across the plasma membrane. The activity of the system x c À varies with cell types. Thus, although fibroblasts show a high activity of the system, and it is strongly inducible in macrophages, 
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lymphocytes lack this transport system [43] . On the basis of the present results and those from previous studies [14, 32, 35] , it is probable that the x c À system is absent or inactive in oocytes and mouse CCs but present and active in goat and bovine CCs.
Our measurements of cysteamine, cystine, and cysteine in different culture media indicated that goat CCs produced cysteine and mouse CCs did not in the presence of cystine alone, and that cysteamine reduced cystine to cysteine in the cell-free M16 medium. Furthermore, the production of cysteine was always associated with increased consumption of both cysteamine and cystine, regardless of culture conditions. It was reported that 2-mercaptoethanol and cysteamine could reduce cystine to cysteine in medium, promoting cysteine uptake, and hence enhancing GSH synthesis of somatic cells [44, 45] . When data in Figures 1 and 3 of the present study are compared, a positive correlation is apparent between cysteine production and GSH synthesis in DOs or CCs cultured under different conditions. This suggests that DOs take up thiols for GSH synthesis only in the form of cysteine and, in other words, any conditions that provide cysteine (for example, cell-free media with both cystine and cysteamine, or coculture with goat CCs in the presence of cystine) would promote DOs' synthesis of GSH. The same is true for the GSH synthesis in mouse CCs. A pronounced increase in [
35 S]cystine uptake by Chinese hamster ovary (CHO) cells was observed when thiol compounds such as cysteamine and N-acetylcysteine were added to the culture medium [43] . The alanine-serine-cysteine (ASC) transport system is ubiquitous in mammalian cells and is especially active for amino acids such as alanine and serine [46] . It has been shown that cysteine and glutamine share the ASC system [47] . Two possible ways have been proposed to explain the cysteamine-promoted cystine uptake in CHO cell: one is in the form of cysteine, which is mainly transported by the ASC system, and the other is the uptake of mixed disulfides (cysteine-cysteamine) via system L [43, 46] . Our results that GSH levels in mouse DOs and CCs were closely correlated with cysteine production in culture media strongly suggest that either or both of the systems may be active in mouse oocytes as well as CCs. A recent study indicates that although the x c À transport system is relatively inactive in the maturing oocyte until the MII stage, the L and ASC systems are active throughout oocyte growth and maturation [48] .
The present results demonstrated that unlike mouse CCs, goat CCs could use cysteamine to increase GSH levels of their own and the cocultured mouse DOs in the absence of cystine. However, no cysteine was detectable after incubation of goat CCs, although a significant amount of cysteamine was consumed. Thus, the mechanism by which goat CCs use cysteamine to promote GSH synthesis of mouse DOs as well as their own is worth exploring. Revesz and Bergstrand [49] reported that incubation of Ehrlich-Landschutz ascites cells in medium supplemented with cysteamine caused an increase of cellular content of the acid-soluble, non-protein-bound sulfhydryl groups (NPSH). A further study showed that the increase in NPSH was, in part, due to an increase of GSH, which was also directly related to the cysteamine concentration in the medium [50] . Because mixed disulfides between cysteamine and protein (CSSP) had been demonstrated [51] , and mixed disulfides between GSH and protein (GSSP) had been indicated in their unpublished data, Révész and Modig [50] proposed that the release of GSH from GSSP, in association with the formation of CSSP, might explain the observed increase of intracellular GSH, as well as the occurrence of CSSP after cysteamine treatment of cells. In addition, children suffering from cystinosis, a genetic disease characterized by high levels of lysosomal cystine, are usually treated with cysteamine to lower the cystine levels in their cells. Cysteamine undergoes thiol-disulfide exchange with cystine in the lysosomes, producing cysteamine-cysteine mixed disulfide and free cysteine; although the former is rapidly excreted from the cells, the latter may participate in GSH synthesis [52] . It is therefore possible that cysteamine might promote GSH synthesis in goat CCs themselves by releasing GSH from GSSP and/or by producing free cysteine through the thiol-disulfide exchange with cystine, and the cysteaminecysteine mixed disulfides excreted from CCs could be taken up via the L system and used for GSH synthesis by mouse DOs. If this can be proven true, the present results would not only provide evidence for the cysteamine-induced increase of cellular GSH level in the CCs but also suggest the presence of an L system in mouse DOs. However, we were unable to detect any cysteamine-cysteine mixed disulfide after incubation of goat CCs in the presence of cysteamine alone, although such compounds were obviously produced in cell-free M16 supplemented with both cysteamine and cystine (data not shown). Therefore, the mechanism by which goat CCs use cysteamine to promote GSH synthesis of DOs requires further investigations.
In this study, although supplementation of 200 lM cystine alone to the maturation medium TCM-199 had no effect, addition of 200 lM cystine together with 100 or 200 lM cysteamine increased blastocyst formation of matured mouse COCs to the highest level. However, increasing the concentration of either cystine or cysteamine to 500 lM significantly decreased COCs' rates of blastocyst formation, although the highest intracellular GSH levels were measured in oocytes matured with both cystine and cysteamine at 500 lM. Our previous study on goat oocytes also indicated that although the content of intracellular GSH increased with increasing concentrations of cysteamine or cystine up to 500 lM, the highest rate of blastocyst formation was achieved only at 100 lM cysteamine or 200 lM cystine, and blastocyst rates decreased at higher concentrations of the thiol compounds [32] . In addition, Yamauchi and Nagai [53] noticed that the addition of cysteamine in the culture medium at a concentration of 500 lM resulted in the degeneration of porcine DOs, and none of them matured to metaphase II. To explain the decreased developmental capacity of oocytes matured under a high concentration of cysteamine or cystine, we speculate that too high a level of intracellular GSH would upset the redox homeostasis that is essential for normal functions, such as gene expression and signaling of the cell [54] .
However, mouse COCs matured in M16 medium with the optimal supplementation of thiols could not develop to the blastocyst stage, although their rates of nuclear maturation and Sr þ activation were similar to those of COCs matured in the TCM-199 medium (data not shown). This suggests that the intracellular GSH level of oocytes after in vitro maturation is not the only marker for their competence of development, and that simple media that support nuclear maturation do not necessarily support cytoplasmic maturation of oocytes. Then, what are the differences in the components of TCM-199 and M16 that could account for the dramatic differences in their ability to support development to the blastocyst stage? The FCS, EGF, and LH contained in TCM-199 may have effects on the ability of CCs or oocytes to use thiols and/or synthesize GSH. In fact, EGF alone has been shown to increase GSH concentrations when added to TCM-199 [55] . When mouse COCs were matured in M16 with the same supplements as TCM-199 (FCS, FSH, LH, 17b-estradiol, and EGF, as well as 100 lM cysteamine and 200 lM cystine) to test the possibility, 766 however, only 5.5% of the oocytes developed into blastocysts after Sr þ activation (data not shown). A careful comparison revealed that among other notable differences, TCM-199 contained amino acids and purines that were absent in M16. Both amino acids and purines have been reported to promote oocyte cytoplasmic maturation [56] .
Despite many efforts, coculture with COCs or CCs could only partially restore the developmental potential of DOs [4, 8, 10, 11] . The irreparability of the detrimental effect of cumulus removal has been attributed to the disruption of the gap junctions between CCs and the oocyte, because coculture with the CC monolayer completely restored the competence of corona-enclosed DOs [8, 35] . However, this study demonstrated that the presence of a CC monolayer and simultaneous addition of cysteamine and cystine to the TCM-199 medium increased the capacity of mouse DOs to develop to term to the same level as in COCs matured under the same culture conditions. To our knowledge, this is the first report on a complete restoration of developmental potential of mammalian oocytes after cumulus denudation and in vitro maturation. To specify the culture conditions enabling mouse DOs to achieve full restoration of developmental potential, either optimum supplementation of cystine and cysteamine without CC coculture (12% vs. 22%) or CC coculture without thiol supplementation (12% vs. 28%) doubled the rate of blastocyst formation of matured DOs. The blastocyst rate was doubled again to 55% when the DOs were matured in the presence of both the optimum thiol supplementation and the CC coculture monolayer. This suggests that neither GSH nor the CC-derived trophic factors alone are sufficient to promote complete cytoplasmic maturation of DOs. Thus, the inability of the previous studies to completely restore the developmental capacity of DOs might be attributed to their culture of DOs in a system (such as coculture with CCs in TCM-199 with a low level of cystine but no cysteamine) that could only provide the trophic factors but failed to contribute enough to GSH synthesis because of an insufficient supply of thiols.
The present results indicated that although the chymotrypsin digestion time of zona pellucida (t 75 ) was significantly shorter, the rate of fertilized eggs with pronuclear development was significantly higher in COCs than in DOs. Although the t 75 did not differ between DOs matured under different conditions, the percentage of fertilized oocytes with pronuclear development was always higher in DOs matured with than without supplementation of cysteamine and cystine, regardless of CC coculture. That GSH promotes sperm decondensation and male pronucleus formation has been reported in both COCs [18] [19] [20] and DOs [14, 53, 57] . However, the present results suggest that although GSH promotes pronuclear formation and embryo development of both mouse COCs and DOs, it does not prevent zona pellucida hardening of DOs. One of our recent studies indicated that removal of the cumulus caused a precocious exocytosis of cortical granules, leading to zona hardening and reduced penetrability of mouse oocytes by sperm [35] . Vanderhyden and Armstrong [2] also showed that the presence of CCs and serum during maturation significantly increased the penetrability of rat oocytes by spermatozoa.
In summary, although an efficient in vitro maturation system for DOs is urgently needed for procedures involving cumulus removal before in vitro maturation, no such system has been established in any mammalian species. Studies suggest that thiol compounds and CCs promote oocyte GSH synthesis, but the underlying mechanisms are largely unknown. For the first time, we have studied the effects of interactions between cysteamine and cystine and between mouse or goat CCs and the mouse oocyte on mouse oocyte GSH synthesis during in vitro maturation by using M16 medium that contained no thiols. The results indicated that mouse DOs could not use cysteamine for GSH synthesis, and they could not use cystine unless it was reduced to cysteine by cysteamine or by goat CCs. Although mouse CCs could use neither cystine nor cysteamine, goat CCs could use either to increase GSH of mouse DOs and of their own DOs. Goat CCs promoted mouse oocyte GSH synthesis by reducing cystine to cysteine, but how they use cysteamine requires direct evidence. Mouse DOs restore developmental capacity completely when matured in TCM-199 medium with an optimum supplementation of cysteamine, cystine, and CCs. The optimal culture conditions for DOs were also valid with the C57BL/6 mouse strain. The data suggest that it is possible to restore completely the developmental potential of DOs by regulating the in vitro maturation conditions, and they will contribute to our understanding of the mechanisms by which thiol compounds and CCs promote oocyte maturation and to the establishment of efficient DO in vitro maturation systems in different species, including the human being.
